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INTRODUCTION
Paragraph Number 1Recovery research, specifically hydrotherapy research, has gained significant attention in recent years, with a number of studies documenting acute performance benefits following hydrotherapy (9) . However, whether hydrotherapy, in particular cold water immersion, enhances or reduces adaptation to training has become a topic of interest.
Training theory suggests that fatigue and/or inflammation post exercise is necessary to promote long-term adaptations to training and subsequent improvements in performance.
Based on the improvements in performance observed in acute cold water immersion studies, two adaptation theories have been proposed. The first is that hydrotherapy allows athletes to perform subsequent training sessions with a greater training load or quality, thus resulting in an enhanced stimulus for adaptation. Conversely, the second theory suggests that cold water immersion may decrease adaptations to training due to minimization of fatigue and inflammation occurring following training. Thus, some practitioners are questioning the use of chronic hydrotherapy treatment in elite athletes with respect to a potential negative influence on training adaptation.
Paragraph Number 2Much of the debate has arisen following preliminary hydrotherapy studies with varying performance assessments and/or biochemical and inflammatory marker measurements (3, 5, 24) or studies using ice or cold packs (13) . Yamane et al (24) , reported that regular cold water immersion resulted in an attenuation of cycling performance improvements when compared to a control condition over a 4-6 week training period. Similar findings were reported by Higgins et al. (3) whereby repeat sprint test performance decreased with cold water immersion when compared with control in amateur rugby union players.
Well-controlled studies which investigate the role of cold water immersion on long-term adaptations and performance are warranted. Previous research does not enable wide-spread conclusions regarding the suitability of chronic hydrotherapy recovery protocols for elite athletes. Further research is necessary to address fundamental recovery questions for elite athletes and coaches. Therefore, the purpose of the present investigation was to examine the effects of cold water immersion, using contemporary methodology on cycling performance over a 39-day training block.
METHODS

Subjects
Paragraph Number 3Thirty-four endurance trained cyclists were initially recruited for this study. All participants were at a nationally competitive level and were in an early phase of their domestic season. In the initial week of the study the subjects were divided into two groups; recovery (REC) and control (CONT). REC and CONT groups were matched based on subjects maximal aerobic power (MAP) (w/kg) and their belief in whether recovery would help or hinder adaptation to the training block (rated from 0-100).
Paragraph Number 4Twenty-one cyclists completed all the training and testing requirements without illness and/or injury. The final twenty-one cyclists consisted of ten subjects from the REC group (age: 20.2 yr ± 1.7; MAP: 5.13W/kg ± 0.21; Mass: 70.9kg ± 6.5), and eleven subjects from the CONT group (age: 19.8yr ± 1.7; MAP: 5.01W/kg ± 0.41, Mass: 68.9kg ± 8.0). All participants were informed of the methods, procedures and risks of the study and provided written informed consent prior to taking part. This study was approved by the Australian Institute of Sport Research Ethics Committee.
Experimental design
Training
Paragraph Number 5Subjects completed 39-days of structured training consisting of a mixture of low-moderate intensity road rides and high intensity interval sessions completed on ergometers in a laboratory. The first seven days was considered a baseline block and consisted of a low volume of hours spent road cycling, as well as both familiarisation and baseline ergometer tests (a high intensity interval set (HIIT) and a 2x4 minute maximal time trial (2xMMP 4min ); each described below). Also included in the first week was an incremental step test to exhaustion (100W initial increasing 50W every 5 min until exhaustion) to assess maximal aerobic power (MAP). The next twenty-one days of the training block was spent completing increasingly weekly load via longer duration road rides. Three interval sets were also completed each week, HIIT, 2xMMP 4min and a third high-intensity interval training set (Set 3). In the final eleven days the overall training duration was reduced extensively to allow a taper period. The HIIT, 2xMMP 4min and Set3 interval sets were all completed twice throughout the taper period (see Table 1 ).
Recovery Intervention
Paragraph Number 6Throughout the thirty-nine days of training the REC group performed four sessions of cold water immersion (CWI) per week, in which subjects submerged their body (excluding head and neck). Each supervised recovery session involved 15 minutes of CWI at 15.3 ± 0.3°C completed post training or testing (within 30 minutes). Subjects were not allowed to shower immediately post CWI, but were able to immediately towel dry and change into dry clothing. Recovery sessions were completed at the end of the baseline phase, at the end of each week during the intensified training phase and at the end of each week of the taper phase (See Table 1 ). The four days were scheduled to start one day prior to the HIIT interval set for consistency regarding the performance measures. The CONT group refrained from all forms of hydrotherapy throughout the experimental period. Neither group were allowed massage during this time, however, both groups were able to stretch ad libitum.
Living Conditions
Paragraph Number 7Throughout the 39-days the subjects lived onsite at the Australian Institute of Sport (AIS) in Canberra. Dietary intake was not controlled throughout the study however all participants had equal access to food and snacks as provided by the AIS dining Hall.
Training details
Paragraph Number 8All long rides were completed together as a single cohort and involved 
Performance Measures
Paragraph Number 9The two key performance tests (2xMMP 4min and HIIT) were used throughout the study to track changes in fatigue and performance. Efforts were performed on a commercially available air braked ergometer (Watt Bike, UK) which allowed measurement of power and cadence throughout the efforts. All interval sets were completed in groups of 6-7 riders staggered throughout the morning of a testing day. Testing times and groups were kept consistent throughout the duration of the study.
The Interval Sets
Paragraph Number 10The 2xMMP 4min test involved two, four-minute maximal efforts completed 42 minutes apart. A controlled warm-up was performed prior to each of the two efforts. The warm-up included three stages of work set at different percentages of maximum heart rate determined during the initial incremental test. The subjects were seated between the two efforts (passive recovery). This design was based on a repeated bout protocol previously used to detect overreaching and overtraining syndrome (12) and represents shortest possible time between track cycling pursuit races. The complete protocol of the 2xMMP 4min test is outlined in Table 2 .
High Intensity Interval Training (HIIT)
Paragraph Number 11The HIIT test was designed to challenge the riders in a variety of different facets of cycling fitness. The test involved a variety of efforts including short sprints (6 sec), longer sprints (20 sec), repeat sprints, track cycling pursuit format repeat efforts and a 10 minute time trial (See Table 2 for detail). The two pursuit formatted repeat efforts were designed to mimic team pursuit performance with participants completing maximal efforts interspersed with 250W efforts. Participants completed the warm-up prior to the HIIT test on their own bike connected to stationary magnetically resisted trainers, with the HIIT test itself performed on a commercially available air braked ergometer (Watt Bike, UK).
Other tests
Incremental Test
Paragraph Number 12As previously mentioned all cyclists completed an incremental step test for the determination of MAP and peak heart rate. The test started at 100W and increased 50W every 5 minutes until the subjects either reached volitational exhaustion or could not maintain a cadence of above 60 rpm.
Set 3 Test
Paragraph Number 13The Set 3 test was another lab based interval set performed on ergometers. It involved two, four-minute maximal efforts (similar to 2xMMP 4min test). The purpose of the test was to add to the fatigue of the cyclists and was not used as a performance measure.
Sleep Monitoring
Paragraph Number 14Objective sleep/wake patterns were assessed using wrist activity monitors (Philips Respironics, Bend, Oregon) in conjunction with self-report sleep diaries.
An activity monitor is a lightweight device worn like a wristwatch that continuously records the timing and quantity of body movement (stored in 1-min epochs for this study) with a piezo-electric accelerometer. Participants were instructed to wear the activity monitor on the same wrist at all times during the data collection period, except when showering. In the selfreport sleep diary, participants recorded sleep start and end times for all sleep periods. Data from the sleep diaries and activity monitors were used to determine when participants were awake and when they were asleep. Measures extracted from the activity monitor records and the sleep diaries included: · Bedtime (hh:mm): the self-reported clock time at which a participant went to bed to attempt to sleep. 
Recovery Stress Questionnaire
Paragraph Number 15Perceptual measures of stress and recovery were assessed using the recovery-stress questionnaire for athletes (RESTQ-Sport; (6)) at baseline, end of intensified training (Trial 4), and mid-taper (Trial 5). Briefly, the RESTQ-Sport is a psychometric instrument that can be used to assess an individual's recovery-stress state. It consists of 12 general scales; with seven additional sport-specific scales (totalling ten stress scales and nine recovery scales). A general indicator of the recovery-stress balance (global score) is calculated as the total stress score minus the total recovery score. Increases in the stress component represent higher subjective strain, whilst increases in the recovery component represent adequate recovery. For a detailed description of the RESTQ-Sport see Kellmann and Kallus (6) .
Statistics
Paragraph Number 16Data were analyzed using a mixed linear modeling procedure (Proc Mixed) in the Statistical Analysis System (version 9.2, SAS Institute, Cary, NC). Means for graphical presentation were adjusted for missing values via estimation with a fixed effect specifying every level of Group (control, cold-water immersion), Trial (1 to 5) and Repetition (for performance measures), with a random effect for cyclists and allowance for only one residual error in each group across all trials. Change scores between Trial 1 (baseline) and either Trial 4 (following intensified training) or Trial 5 (mid-taper) were modeled with a covariate to adjust for any differences in baseline means between groups and with different residual error in the two treatment groups to estimate difference standard deviations of the change scores. Measures of power output were analyzed via log transformation and effects were expressed as percent changes; all other measures were analyzed via raw scores. REST-Q was converted into a theoretical 0-100 point scale.
Paragraph Number 17Uncertainty in the estimates of effects on performance was expressed as 90% confidence limits and as probabilities that the true value of the effect was beneficial, trivial or harmful in relation to threshold values for benefit and harm. A threshold of ±1.0% was used for measures of power output, which is approximately 0.3 of the within-subject standard deviation a top cyclist would show in mean power between competitions in a range of events (4, 14) . For all other measures the threshold was approximately 0.20 of the between-cyclist standard deviation in the baseline assessment. Probabilities of benefit and harm are not presented quantitatively but were used to make a qualitative probabilistic clinical inference about the effect in preference to a statistical inference based on a nullhypothesis test (4) . Briefly, the effect was deemed unclear when the chance of benefit was sufficiently high to warrant use of the treatment but the risk of harm was unacceptable. Such unclear effects were identified as those with an odds ratio (OR) of benefit to harm of <66, a ratio that corresponds to an effect that is borderline possibly beneficial (25% chance of benefit) and borderline most unlikely harmful (0.5% risk of harm). All other effects were deemed clinically clear and expressed as the chance of the true effect being trivial, beneficial or harmful with the following scale: 25-75%, possibly; 75-95%, likely; 95-99.5%, very likely; >99.5%, most likely). 
RESULTS
Paragraph
Performance 2xMMP 4min
Paragraph Number 19Performance assessed by 2xMMP 4min increased from baseline (Trial 1) to Trial 5 in both groups (CWI: 9.3%, ±3.0%, OR=42x10 5 ; CONT: 6.5%, ±5.2%, OR=1212). The CWI group was slightly greater than control (2.7%, ±5.7%), however this difference was unclear (OR= 14) (Figure 2a) . By subtracting the power produced during the first 4min bout from the power produced in the second 4min bout (4MMP2-4MMP1) an indication of repeat cycling performance can be examined. When comparing this repeat performance ability on Trial 5 compared to Trial 1, the CWI group demonstrated a 3.0%, ±3.8% greater increase than CONT, with an odds ratio of 90. When examining the effects of CWI on higher level participants (participants who were 1 standard deviation above the mean on Trial 1), there was no clear effect on average 2x4MMP (4.3%, ±8.3%). However when examining the same response to the 4MMP2-4MMP1 there was a very likely beneficial effect of CWI for the higher level subjects (10.8%, ±7.4%) (Figure 2b ).
High Intensity Interval Training (HIIT)
Paragraph Number 20Average MMP1s during Trial 5 increased from baseline in the CWI group (2.5%, ±3.5%, OR=66) and decreased in the CONT group (-1.8%, ±2.8%, OR=0). The difference between the groups was therefore 4.4%, ±4.2%, with an OR of 452 (Figure 3a ).
There were no clear effects of CWI on performance of the higher level subjects (3.5%, ±7.1%) Time trial performance also increased in both groups after training and taper compared to baseline (CWI: 5.4%, ±3.7%, OR=2860; CONT: 5.9%, ±2.8%, OR=138X10
3 ).
However, there were no clear differences between groups (-0.4%, ±4.3%; OR=1) ( Figure 3b ).
There was also no clear effect of CWI for the subjects who performed 1 standard deviation below the mean on Trial 1 (faster time trial) (4.3%, ±7.5%).
Paragraph Number 21The power produced during the preload on Pursuits 1 and 2 was instructed to be 250W. However, as subjects were asked to maintain this power and it was not enforced, the power produced during these preloads can be examined to measure 'selfselected' power. During the preload in Pursuit 1 both groups demonstrated increased power following taper when compared to baseline (CWI: 6.0%, ±2.1%, OR=533X10 3 ; CONT:
3.6%, ±2.5%, OR=4251), resulting in a higher self-selected power output in the CWI group (2.4%, ±3.0%, OR=91) (Figure 3c ). An almost identical result was observed for the second pursuit preload (CWI: 5.2%, ±1.7%, OR=106x10 4 ; CONT: 3.0%, ±2.3%, OR=2065), again demonstrating higher power outputs in the CWI group (2.1%, ±2.7%, OR=97) (Figure 3d ).
The effects of CWI on the higher level subjects were unclear for both Pursuit 1 (1.1%, ±3.5%) and 2 (1.3%, ±3.0%).
Sleep and Perceptual Measures (RESTQ-Sport)
Paragraph Number 22Changes from baseline to Trial 4 (end of intensified training) are examined in an attempt to understand changes that may be occurring as a result of the intensified training, prior to taper. The intensified training had a negative effect on total sleep time, sleep efficiency, mean activity score, global REST-Q and REST-Q stress scale in both the CWI and control group (Trial 4-Trial 1; Table 3 Paragraph Number 25A recent meta-analysis examining the effects of cold water immersion on recovery from strenuous exercise, reported that cold water immersion is an effective strategy to reduce muscle soreness (9) . A number of other studies have also demonstrated an acute positive effect of cold water immersion on performance in cycling, running and team sports (1, 7, (18) (19) (20) . However, the use of habitual or chronic hydrotherapy has recently been questioned and suggested to be potentially negative to long-term adaptation to training (24) .
Although the exact mechanisms underlying both cold water immersion and adaptation to training are not clear, it has been suggested that reducing fatigue and/or inflammation post exercise may be involved.
Paragraph Number 26
The findings of the current study showed that there was a greater change in average sprint power (4.4%), repeat cycling performance (3.0%) and a trend for anabolic hormones (13) . This was primarily attributed to muscle hypothermia in the immersion trials. It was suggested that muscle hypothermia may have interfered with myofibre regeneration and thus was harmful to the adaptation process (24) . This study has also been referred to to suggest that recovery strategies may impair the adaptation process.
However, unlike the present investigation, the previous study investigated the effects of the cold application on only one occasion and therefore any implications for the adaptation process should be interpreted with caution.
Paragraph Number 29The difference between the positive results observed in the current study in comparison to previous research may be related to the higher training status of the current participants, the use of a more appropriate cold water immersion temperature, the use of CWI rather than cold pack application and/or the ecologically valid performance assessments. Paragraph Number 33Interestingly, in the present study, while most aspects of sleep and mood was negatively influenced at the end of intensified training and taper in both CWI and control, performance continued to increase. This finding reflects anecdotal reports from elite coaches who describe that competitive athletes may experience both mood and sleep disturbance and still improve high intensity, short-duration performance. It should be noted that results of the current study pertain to a three week intensified training period and therefore may not be relevant to longer periods of training. Further, much of the previous training and/or overreaching research have not utilised highly trained subjects. The current study demonstrates that it may be difficult to fatigue trained cyclists sufficiently to result in a decrease in performance over a 3 week period.
Paragraph
Paragraph Number 34Immersion in water results in a number of physiological changes which have been investigated in a bid to identify potential mechanisms for increased performance with acute recovery. From a cardiovascular perspective, research has identified increases in central blood volume, cardiac volume, heart rate and decreased peripheral resistance as a result of hydrostatic pressure causing a redistribution of blood flow (21) . Cold stimulus results in compensatory mechanisms to minimise heat loss, such as peripheral vasoconstriction, which is regionally dependent (8) . Hydrostatic pressure may also limit the formation of oedema (22) and assist in reducing existing muscle oedema by causing fluid to move from the interstitial to the intravascular space for clearance. Decreases in tissue temperature have also been found to decrease nerve conduction velocity therefore decreasing pain perception (analgesia) and reducing muscle spasm (11) . Numerous studies have also reported reductions in skin, muscle and core temperature as a result of CWI (2, 15) .
Paragraph Number 35While a number of potential mechanisms exist which may explain the acute benefits of CWI on performance, there is very minimal information regarding the means by which CWI may enhance long term performance. While the theory that a less fatigued athlete should be able to complete training at an increased quality and quantity holds potential merit, in the present investigation all athletes trained as a group. From the performance testing the subjects completed more work in laboratory ergometer training sessions, however it is questionable as to whether this high intensity component of training was the primary driver of the increased performance observed during the repeated MMP 4min efforts.
Paragraph Number 36Research has recently examined the molecular mechanisms involved in adaptation to training. The transcriptional coactivator peroxisome proliferators-activator receptor gamma coactivator-1 alpha (PGC-1α) has been shown to be an important regulator of mitochondrial function, oxidative metabolism and energy homeostasis (10) . PGC-1α expression is induced following acute exercise and this has been shown to improve performance (23) . Interestingly, PGC-1α expression is also temperature sensitive, with evidence in animals that exposure to cold (4°C) results in increased expression in brown fat and muscle. More recently, acute exposure to a cold environment (7°C) in humans was
shown to result in a larger increase in PGC-1α when compared to room temperature (16) .
While PGC-1α expression was not measured in this study, it represents a possible mechanism for the enhanced response to training following chronic CWI exposure and may be an important area of future research.
Paragraph Number 37
Finally, it is important to mention that this was a cross-sectional study that was not blinded. Although subjects were matched for both belief in recovery as well as fitness, it is possible that the CWI group experienced a positive effect associated with being treated, in addition to the effects of the treatment itself. However, this study was aimed to represent a real-world scenario, reflecting that athletes either do or do not engage in this form of recovery during training. As with many real-world research designs, a lack of placebo may confound the elucidation of the mechanisms associated with the observed benefits.
Paragraph Number 38The primary objective of this study was to evaluate whether cold water immersion during a 3-week phase of rigorous cycling training (simulating aspects of a Grand Tour) would impair cycling performance. In summary, data from this study do not support recent speculation that cold-water immersion is detrimental to adaptations to 3-weeks of increased training load in competitive cyclists. Future research is needed to identify the mechanisms by which this may occur and to examine whether adaptation is influenced by cold water immersion in sports other than cycling.
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